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ABSTRACT 


The standard solar cells (2x2 cm) from the cast silicon (HEM) showed 
a maximum AMO efficiency of 10.1%. Cells from the low resistivity 
material (0.5 ohm-cm) showed lower performance than those of the high 
resistivity cast silicon (3 ohm-cm), an average efficiency 9.5% versus 
7.6% 


Maximum AMO efficiency of the standard solar cells (2x2 cm) from the 
EF6 (RH) ribbons was about 7.5%. The solar cells from the controlled 
SiC, using the displaced die, showed more consistent and better performance 
than those of the uncontrolled SiC ribbons, an average efficiency of 6.6% 
versus 5.4% 

The average AMO efficiency of the standard SOC solar cells were about 
6%. These were large area solar cells (an average area of 15 cm^). 

A maximum efficiency of 7.3% was obtained. The SOC solar cells showed 
both leakage and series resistance problems, leading to an average curve 
fill factor of about 60%. 
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INTRODUCTION 


The objective of this program is to investigate, develop and utilize 
technologies appropriate and necessary for improving the efficiency of 
solar cells made from various unconventional silicon sheets. During 
this quarterly reporting period, work has progressed, in fabrication and 
charaterization of solar cells from cast silicon by heat exchanger 
method (Crystal Systems), EFG (RH) ribbon (Mobil Tyco) and silicon on 
ceramic (Honeywell). Silicon blanks (2x2 cm) were prepared from the 
HEM cast silicon and EFG ribbon, using conventional slicing techniques, 
and fabricated using a standard process typical of those used currently 
in the silicon solar cell industry. Also a back surface field (BSF) 
process and other process modifications were included in processing 
additional slices. Relatively large area (about 15 cm^) solar cells were 
fabricated from silicon on ceramic substrates using a standard process 
that can be easily adapted to these substrates. Evaluation of the SOC 
solar cells has not been comoleted in this reporting period. 

The performance parameters measured included open circuit voltage, short 
circuit current, curve fill factor, and conversion efficiency (all. 
taken under AMO illumination). Also measured for typical cells were 
spectral response, dark I-V characteristics, minority carrier diffusion 
length, and photoresponse by fine light scanning. The results were 
compared to the properties of cells made from the conventional single 
crystalline Czochralski silicon with an emphasis on statistical evalution. 
Limited efforts were made to identify defects which will influence solar 
cell performance. 
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A. CAST SILICON (HEM) SOLAR CELLS 

1.0 SOLAR CELL FABRICATION 

Blanks (2x2 cm) were prepared by slicing the cast silicon blocks 
(2x2 cm cross section) using an ID saw. Silicon blocks were prepared 
from two casting experiments of different resistivities; nominal 
3 ohm-cm and 0.5 ohm-cm. Measured resistivity of the sliced blanks 
from 3 ohm-cm material showed resistivity variation between 2.6 and 
3.3 ohm-cm from end-to-end of the 3" block, while those of 0.5 ohm-cm 
cast silicon indicated between 0.4-0. 8 ohm-cm. Most of the blanks 
were single crystalline, with a few partly polycrystal 1 ine with large 
crystallites. Some of the blanks were measured for minority carrier 
diffusion lenghts using the SPV method and results indicated a range 
of 30-60 lam for the low resistivity blanks (0.5 ohm-cm) and 40-70 ym 
for the 3 ohm-cm blanks. 

NOTE: Czochralski control blanks (1-3 ohm-cm) showed diffusion lengths 

in the range 130-160 ym. 

Thickness of the sliced blanks was about 16 mils and the blanks were 
thinned down to 13 mil using a planar etching solution. Standard and 
BSF solar cells were fabricated from the blanks with a mechanical 
yield (ratio of unbroken solar cells to initial starting blanks) 
above 90 % » which is about the same yield as for Czochralski blanks. 

[See reference (1) for detailed description of standard and Back Surface 
Field (BSF) processes. Reference (2) provides technical details of 
casting techniques by Heat Exchanger Method (HEM).] 
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2.0 


SOLAR CELL PERFORMANCE AND CHARATERIZATION 


Characteristics Under Illumination 

Final finshed solar cells had SiO AR coatings and about 90% active area 
with-Ti-Pd-Ag metallizations. Solar cell parameters, such as 'SC> 

CFF and n, were measured under an AMO simulator at 25°C block temperature. 


NOTE: Detailed information on solar simulator and measurement techniques 

are discussed in Appendix II of reference (1). Appendix III in 
this report provides the parameters of individual solar cell from 
HEM cast silicon. 


Table 1 summarizes the cell parameters from the standard process. Solar 
cells from HEM cast silicon showed maximum efficiency of 10.1% for the 
3 ohm-cm material and 9.2% for the 0.5-ohm-cm silicon with an average 
efficiency of 9.5% and 7.4%, respectively. The average efficiency of 
control solar cells was about 11%. Solar cells from the low resistivity 
cast silicon generally showed low curve fill factor, in the range of 
40-75%, which is suspected to be due to the imperfections in the cast 
silicon. This will be discussed in the later part of this section. 

Substrates exhibiting polycrystallinity were also fabricated into solar cells 
and the results are summarized in Table 2, indicating no basic difference 
in cell performance. Note: Most substrates had large crystallites. 

Solar cells from BSF processes showed lower cell performance than the 
standard cells, mainly due to the leaky characteristics of the cells. 

A few of the control cells showed the same problem. This BSF process 
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showed slight improvement in short circuit current and the results are 
given in Table 3. However, no improvement in open circuit voltage was 
observed possibly due to overshadowing effect on reduction of Vq^ by 
shunting rather than improvement in Vg^ by the BSF process. Maximum 
AMO efficiency of these cells was 9.8% for the 3 ohm-cm material and 
7.4% for the 0.5 ohm-cm material, while that of the control cell was 
11.4%. Solar cells from low resistivity cast silicon, 0.5 ohm-cm, 
showed a higher degree of leakage than those of the higher resistivity 
cast silicon. 

Dark I-V Characteristics 

Dark I-V characteristics (forward and reverse) at room temperature were 
obtaned from the selected sample cells. The plots were made by point-by- 
point measurements and a typical results are given in Figure 1 for the 
solar cells from the standard process and Figure 2 for the BSF solar cells. 
The “A" factor from the simple diode equation, was derived from the data 
at the high bias conditions (bias voltage >0.4 volt). A standard HEM 
solar cell yielded about 1.8 while that of a control cell was about 
1.6. Saturation current (I^) was also obtained from the plots, indicating 
4x1 A/cm^ for the HEM cast cell and 2x10”^ A/cm^ for the control cell. 

.The characteristics of BSF cells were slightly leakier than the standard 
cells (this was always the case in the past), showing "A" factors of 2.2 for 
the HEM cell and 2.0 for the control cell. The increased saturation current 

i 

. (I^) of about 3x1 0""^ A/cm^ "Por the HEM cell and about 8x10“® A/cm^ for the 
^control, was probably due to the leaky characteristics. 
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The characteristics indicated that shunting and space- change recombination 
effects are higher in the cells from the HEM cast silicon than in the 
control cells. Saturation current of the HEM solar cells seem to be 
approximately an order of magnitude higher than those of the controls, which 
might have been caused by the higher degree of shunting and low lifetime 
effects. 

Spectral Response 

Absolute spectral response (A/VJ) was obtained using a filter wheel set-up 
which is a combination of a set of narrow bandwidth filters and a light 
source. [See reference (1) for the detailed techniques of the 
measurement procedure.] Responses of the standard HEM cells are plotted 
in Figure 3, in which the cells from the cast silicon of 3 ohm-cm 
resistivity. Cell No. 1-852-13, showed relatively good response in 
overall wavelength. However, the cell from 0.5 ohm-cm resistivity 
indicated significantly lower response than that of the control, especially 
at wavelength below 0.6 pm, suggesting low minority carrier diffusion 
lengths. 

Minority Carrier Diffusion Length 

Minority carrier diffusion length (Le) was measured using the surface 
photovoltage (SPV) method for the bulk cast silicon substrates and a 
short circuit current method for the finished solar cells. [See reference 
(1) for the detailed description on measurement procedures.] Le by SPV 
method (spot measurement) showed ranges of about 30-60 pm for the 
0.5 ohm-cm cast silicon and- 40-70 pm for the 3 ohm-cm cast silicon. 
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Le measurement of the finished cast cells were slightly higher than 
those of the bulk silicon, 50-60 pm for the 0.5 ohm-cm material and 
100 pm for the 3 ohra-cm material. The cause of the increases are not 
known at present. There might be a possibility of gettering effects 
from oxides formed in the diffusion process. 

Photoresponse by Small Light Spot Scanning 

Localized photoresponse of the solar cells were made using a small 
light spot scanning technique. [Detailed descriptions on measurement 
techniques and procedures are given in reference (3).] The light 
source used was a white light from a tungsten lamp filtered by a thin 
transparent layer of silicon, generating a beam spot size on a 
flat sample of around 50-100 pm. Relative photoresponse of both 
cells from cast silicon and control are given in Figure 4. Generally, 

the cast solar cell indicated lower response than the control cell 
everywhere- Also the cast cell from the low resistivity material showed 

lower response than those of the cells from the high resistivity 
material. This agrees well with the minority carrier diffusion length 
measurements of the finished cells. By inspection, the solar cells from 
the cast silicon in the figure do not seem to possess any grain structure 

or other defect sites. However, reduction of response in some localized 

area was noticed. This dip in response is in contrast with the response 

from the localized area containing microcracks which will be discussed 

in the following section. 
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Defect Study 

Limited efforts were made in an attempt to identify defects which will 
influence solar cell performance. The efforts were concentrated on the 
cast silicon of 0.5 ohm-cm resistivity since those cells showed shunting 
problems and low cell efficiency. The most common defects, other than 
grain boundaries existing in some part of the cast ingot, were inclusions 
and microcracks. Figure 5 shows photographs of defects found in solar 
cells from the low resistivity cast silicons (a) An inclusion surrounded 
by either gross lineage (low angle grain boundary) or microcracks, 

(b) Microcracks. Photoresponse by small light spot scanning was also 
carried out on a solar cell showing microcracks. Figure 6 is the 
scanning result in which sharp drops in response were observed in areas 
having microcracks. 

Small mesa solar cells (about 2 mm in diameter) were fabricated from a 
solar cell (2x2 cm) showing severe shunting problems. Their open 
circuit voltages were measured using tungsten light source of inter- 
mediate light intensity. Figure 7 is the result of the Vq^ mapping, showing 
some areas of low Vq^. However, an effort to correlate low Vqq to any 
specific defects was not successful. 
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TABLE 1 


SUMMARY OF PARAMETERS OF SOLAR CELLS FABRICATED FROM 
CAST SILICON BY HEM; STANDARD PROCESS 




CAST SILICON "A" 

CAST SILICON “B" 

CONTROL 

V„c (mV) 

Average 

568 

571 

591 

Standard Deviation 

4 

18 

3 

Range 

557-574 

535-588 

588-595 

Jsc (mA/cm^) 

Average 

30,8 

28.4 

33.4 

Standard Deviation 

0.6 

0.8 

0.2 

Range 

29.5-31.5 

27.2-28.9 


CFF {%) 

Average 

73 

61 

75 

Standard Deviation 

2 

n 

2 

Range 

67-75 

46-75 

73-77 

n (%) 


9.5 

7.4 

10.9 

Standard Deviation 

0.4 

1.4 


Range 

8.4-10.1 

5. 3-9. 2 



NOTE: 1. Measured at 25°C under AMO conditons (with SiO AR) 

2. Cast Silicon "A": 3 ohm- cm 

Cast Silicon "B": 0.5 ohm-cm 


3. Number of Samples: Cast Silicon "A" - 18 

Cast Silicon "B" - 12 
Control Cells - 6 
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TABLE 2 


SUI4MARY OF PARAMETERS OF STANDARD 
HEM SOLAR CELLS HAVING SOME DEGREE OF POLYCRYSTALLINITY 




SILICON 

"A“ 

"B 

Vqc m 

Average 

565 

557 

Standard 

Deviation 

4 

23 

Range 

558-571 

527-589 

JjQ (mA/cm^) 

Average 

30.9 

27.3 

Standard 

Deviation 

0.6 

1.3 

Range 

29.8-32 

25-28.4 

CFF {%) 

Average 

74 

55 

Standard 

Deviation 

2.4 

12 

Range 

68-76 

44-73 

n {%) 


9.5 

6.3 

standard 

Deviation 

0.4 

1.6 

Range 


4. 3-8. 6 


NOTES: I. Measured at 25“C under AMO Conditions. 

2. Cast Silicon "A": 3 ohm-cm 
Cast Silicon "B": 0.5 ohm-cm 

3. Number of Samples: "A" - 10 

"B" - 5 
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TABLE 3 


SHORT CIRCUIT CURRENT DENSITY OF 
HEM CAST SOLAR CELLS FROM BSF PROCESS 



CAST SILICON "A" 

CAST SILICON "B" 

CAST SILICON "C" 

CONTROL 

AVERAGE 

32.7 

(32.1) 

29.3 

(29.3) 

30.9 

35.1 

STANDARD 

O'. 4 

0.7 

0.7 

0.5 

DEVIATION 

(0.7) 

(0.4) 

RANGE 

32.2-33.5 

(30.6-32.8) 

28.3-30.4 

(28.9-29.8) 

29.6-31.5 

34.5-35.7 


NOTE: 1. Measured at 25°C under AMO conditions. 


2. Cast Silicon "A": 3 ohm-cm 1-852 Series (18 cells) 

"B": 0.5 ohm-cm 1-860 Series (10 cells) 

"C”: 0.5 ohm-cm 1-856 Series ( 5 cells) 

3. Parenthesis numbers for the cells containing polycrystallinity. 

4. Units: mA 
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FIGURE 5 


(a) 


(b) 

MICROSCOPIC PHOTOGRAPHS OF DEFECTS 
FOUND IN HEM CAST SILICON SOLAR CELLS 
(200X Magnification) 

(a) Inclusion (found in Cell No. 1-860-1) 

(b) Microcracks (found in Cell No. 1-860-14) 
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FIGURE 7 


OPEN CIRCUIT VOLTAGE MAPPING OF MESA SOLAR CELLS 
WITHIN A HEM CAST CELL (Cell No. 1-860-1) WHICH SHOWED SHUNTING PROBLEMS 



■ NOTE: 1. 

2 . 

3. 


Illuminated tungsten lamp with unknown 
light intensity. 

Diameter of mesa cells; 2 mm. 

Unit in millivolts. 
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B. EFG (RH) RIBBON SOLAR CELLS 

1.0 SOLAR CELL FABRICATION 

The EFG ribbons supplied had been grown in a resistance heated (RH) 
furance. Two types were included, one with controlled silicon carbide 
on one face of the ribbon using a displaced die and the other with an 
uncontrolled silicon carbide die. [See reference (4) for detailed infor- 
mation on EFG process.] The former ribbon was about 2 inches wide 
(thickness between 16-18 mils) while the other ribbon was about 3 inches 
wide with thickness of about 10 mils. These ribbons were mounted on 
cermaic blocks using wax and sliced into 2x2 cm blanks for the conven- 
ience of cell fabrication. Resistivities range from 1-3 ohm-cm 
with p.- type conductivity . Minority carrier diffusion lengths were 
measured to be around 15-40 (ym). Following a standard cleaning procedure, 
cells were fabricated using the standard and BSF processes with back contacts 
formed intentionally on the side containing the most SiC in both cases. 
Standard process resulted in about 80% mechanical yield (ratio of unbroken 
cells to starting blanks) in which most of the breakage occurred in the 
metallization steps, both front and back contacts; (this can be corrected, 

or minimized, by redesign of the mask fixture). 

A limited number of cells were fabricated using BSF process. Heat 
treatments on back contacts (standard process) were also carried out 
in an effort to improve open circuit voltage. Temperature used for 
the heat treatment tests was 650*’C (600°C in standard process) and cells 
were treated for 5 minutes and 10 minutes. [See reference (1) for the 
detailed information on standard and BSF processes.] 
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2.0 SOLAR CELL PERFORMANCE ftND CHARACTERIZATION 
Characterization Under 111 umi nation 

Finished solar cells had about 90% active area with a SiO AR coating. 
Solar cell parameters, such as Vg^, I^g, CFF, and n, were measured 
at 25®C (test block temperature) under an AMO simulator. [Refer to 
Appendix II of reference (1) for description of the simulator.] 

Appendix IV in this report provides the parameters of individual 
solar cells from EFG RH ribbons; standard and BSF cells, and solar 
cells from the heat treatment test. 

Solar cell parameters from the standard process are summarized in 
Table 4. EFG "A" and "B" are cells from the controlled SiC while 
EFG "C" are not. Average efficiencies of the controlled EFG ribbon 
'cells were about 6.6%, showing 6.2% for EFG- "A" and 6.9% for EFG "B"-.' 
However, EFG cells from the uncontrolled SiC showed an average efficiency 
of 5.4% which is a considerably lower value than those of the cells from 
the controlled SiC. This is mainly due to the low curve fill factor 
(CFF) which is likely to be caused by shunting problems from surface 
inclusions (SiC). A lower Vgg of EFG "C" cells compared with those of 
"A" and "B" cells also indicates the same problem an average Vgg of 
508 mV for the uncontrolled SIC ribbon cells versus 515-517 mV for the 
controlled samples. Short circuit current density remains around 
25 mA/cm^ in all three ribbon cases, indicating consistent quality of 
grown EFG ribbons. 
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A few cells were fabricated using BSF process. However, shunting 
problems from aluminum alloying step prevented the process from obtaining 
reliable statistical evaluation at present. [Note: Even control 

cells showed shunting chracteri sties.] The solar cells from heat 

treatment on back contact did not show any improvement in ''oc or other 
cell parameters. Slight degradation of the cells at 10 minutes of 
sintering {650°C) was apparent in both EFG and control cells. 

Dark I-V Characteristics 

Dark diode I-V plots were obtained by using a semi-automatic dark I-V 
plotter for the cells in a reasonably short time. This has provided 
reliable statistical data on the cell characteristics which is 
otherwise very difficult to do by point-by-point measurement 
techniques. Based on this data, the characteristics of the cells of 
interest can be replotted by point-by-point measurement. Figure 8 shows 
the forward plots using the plotter and Figure 9 represents the characteristics 
of a typical good EFG cell measured by point-by-point techniques from 
which diode parameters ("A" factor and saturation current from simple diode 
equdtiuiij were derived. The "A" factor of EFG cell and the control cell 
(in Figure 9) was 1.6 and 1.4, respectively. Saturation current (I^) of 
the EFG cell was considerably higher than that of the control, 2xl0~® A/cm^ 
versus 6xl0~^® A/cm^. This seems to be the reason why Vqq of the EFG 
cells is relatively low, an average Vq^ of 520 mV for EFG cells and an average 
580 mV for the control cells. The higher value of the saturation current of 
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the EFG cell seems to be mainly due to low diffusion lengths of the 
EFG ribbons, 20-40 urn (EFG) versus 120-160 ym (control), with the 
doping levels of both materials about the same. 

Spectral Response 

Absolute spectral response (A/W) was. made using a filter wheel set- 
up. [See reference (1) for the details.] Response versus wavelength 
of solar cells from the standard process is given in Figure 10. 

Generally EFG cells showed much lower response in especially long 
wavelength region (x>0.6 ym) than those of the control cells. This 
indicates that the quality of the EFG ribbon is not as good as Czochralski 
controls, in other words low minority carrier lifetime. 

Minority Carrier Diffusion Length 

Minority carrier diffusion length was measured using the surface 
photovoltage (SPV) method for the bulk EFG and the short circuit current 
method (see first quarterly report for details) for the finished solar 
cells. Bulk diffusion lengths were measured to be in the range between 
20-40 ym (generally from spot-to-spot measurement) and diffusion lengths 
obtained from the solar cells by short circuit current method (illuminated 
on whole area of a cell) indicated similar results. Diffusion lengths were 
also obtained by measurement on a localized area (about 3-4 mm in diameter) 
by short circuit current method and the results showed a range between 
15-40 ym. Table 5 summarizes the results of minority carrier diffusion 
length measurements by short circuit current method. 



Photoresponse by Small Light Spot Scanning 

Localized photoresponse of solar cells (standard) were obtained by light 
spot scanning. Scanned light source was a tungsten lamp filtered 
through thin film of silicon with a beam size estimated to be 
around 50-100 ym. [See reference (3) for the detailed description of 
the measurement.] Defocusing effect by the non-flat surface feature 
of EFG sibbons might have resulted in the modulation of beam size during 
scanning, consequently leading to loss of sharp contrast in response at 
electrically active defect sites. Figure 11 and Figure 12 are the 
results of the scanning. The first scanning direction was 
perpendicular to ribbon growth direction (across ribbon width) and 
the second was the scanning parallel to grow direction. In both cases, 
some of the localized areas showed lower response than others of which 
areas of low response seemed to have a higher density of the electrically 
active defects. Response across the ribbon width showed a considerable 
high density of defect sites, which can be understood if we consider 
that grain boundaries and twins (or closely spaced parallel twins) 
exist in a direction parallel to the growth direction. 

Defect Study 

Besides crystal lograhpic defects, such, as grain boundaries and stacking 
faults, etc., dominant defects in EFG ribbon are the surface inclusions 
(Sic). These inclusions, especially when they exist in the surface 
of the shallow diffused layer (this is the case for the EFG ribbons of 
uncontrolled SiG), are likely to cause shunting or severe leakage 
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characteristics, consequently leading to a low curve fill factor and 

power output. The surface inclusions do not always seem to 

lead to shunting problems (same results were reported in earlier EFG RF 

W 

report). Figure 13 shows microscopic photographs of the inclusions, 
where case one (a) the inclusion caused severe shunting problems 
and in case two (b) the inclusion does not significantly 
influence cell performance, even though a front gridline fell across 
the top of the inclusion. 
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TABLE 4 


SUMMARY OF PARAMETERS OF SOLAR CELLS 
FABRICATED FROM EFG RH RIBBON; STANDARD PROCESS 



EFG "A" 

EFG "B" 

EFG "C" 

CONTROL 

''oc 

Average 

mmg^ 

■ReSH 



580 

Standard 

Deviation 

■n 

— 

— 

- 

Range 

490-526 

(464-510) 


480-527 

(492-514)' 

576-588 

(mA/cm^) 

Average 

25.2 

(17.9) 

■hBSB 

HHH 

33.5 

Standard 

Deviation 



: 

_ 

Range 


23.5-25.5 

(16.5-18.2) 

24-25.5 

(17.2-18.6) 

33-33.8 

CFF {%) 

Average 

HBHI 

■n 

■■Bn 

73 

Standard 

Deviation 

mm 



- 

Range ; 

■EBSB 

■Bun 


67-73 

n {%) 

Average ^ 

HXh 



■■ 

Standard 

Deviation 

1.4 

(.1.1) 

0.2 

(0.2) 



Range 

4. 3-7. 5 
(2. 6-5.1) 

6. 6-7.2 
(4. 5-5.0) 

2. 9-7. 4 
(3.0-4. 9) 

9.7-11.2 


NOTE: 


1. Measured at 25°C under AMO Conditions (cells with 
SiO AR). Parenthesis Numbers are for the Parameters 
Before AR Coating. 

2. Identification and Sample Numbers of EFG RH Ribbon 
Cells: 

"A": 5-866 - 5 Cells 

"B": 5-868 - 7 Cells 

"C": 5-870 Uncontrolled SiC-3 Cells 

Control: 1-3 ohm-cm Czochralski -3 Cells 
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TABLE 5 


SUMMARY OF MINORITY CARRIER DIFFUSION LENGTH OF 
THE STANDARD CELLS FROM EFG (RH) RIBBON CELLS, 
MEASURED BY I$C METHOD 


CELL NO. 

.POSITK 

DN 

WHOLE AREA 

in 

2 

3 

4 

5 

5-866-2 

38 

40 

19 

20 

28 

26 

5-868-3 

18 

22 

14 

18 

18 

18 

5-870-5 

— 

— 

— 

B 

B 

24 

5-870-7 

— 

1 

— 

1 

1 

14 


NOTE: Units in ym. 


IDENTIFICATION OF BEAM SPOT (BEAM SIZE 3-4 mm IN DIAMETER) 

FOR DIFFUSION LENGTH MEASUREMENT ON LOCALIZED AREAS OF A 2x2 CM CELL 
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FIGURE 13 



(b) 


MICROSCOPIC PHOTOGRAPHS OF SURFACE INCLUSIONS IN EFG (RH) RIBBONS 

(a) A inclusion found in Cell No. 5-870-2 
(200X Magnification). 

(fa) A inclusion found in Cell No. 5-870-5 
(200X Magnification). 
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C. SILICON ON CERAMIC (SOC) SOLAR CELLS 

1.0 SOLAR CELL FABRICATION 

The SOC substrates were cleaned first in organic solvents and baked in 
a oven (set at 120°C in N 2 atmosphere) overnight. Immediately after 
removing from the oven, a standard diffusion procedure was applied to 
form a junction. After removal of the diffused oxide, a back contact 
metallization was applied by evaporation of metals (Tt-Pd-Ag in sequence) 
on whole back area, foil wed by heat treatment at 600“C for about 
10 minutes to form the proper ohmic back contact. Several attempts were 
tried to fill the opening of the slots in, the substrates; by 

(1) Solder dipping 

(2) Squeeze-in of silver paste, followed by baking, and 

(3) Filling with indium solder. 

First method was not successful since difficulty in wetting of the solder 
inside the slots was experienced. Second method was also hot impressive, 
because discontinuity of the silver was observed after baking typically 
in a furance set at 300°C. Finally, indium solder (indium; tin = 1:1) was 
successfully filled in the slots by applying the solder to the back while 
heating the cells on a hot plate. Observation of the cross-section of the 
slots indicated that the slots were well filled with the solder, assuring a 
good contact to the back side of silicon. Front contact metallization 
was done by conventional metal shadow masking techniques. Bowing of 
the substrates caused a problem of metallization smearing and made it 
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difficult to get cells of good active areas (>90%), Measured 
active areas were in the range between 80-85% depending on the 
degree of warpage of the substrates. 

Finally, the periphery of the cells were defined by using waxing and 
etching methods. Mesa solar cells were made as large as possible, 
resulting in an average area of about 15 cm^. Mechanical yield of the 
solar cells is expected to be good if proper front contact metallization 
techniques are developed. [Note: It was difficult to apply metal 

shadow masking techniques since quite a few breakage happened during 
the tightening step.] 

Four-point probe measurement showed resistivity of about 1 ohm-cm 
with P-type conductivity. Minority carrier diffusion lengths of the 
bulk SOC by SPV method were in the range between 20-40 ym. [See 
reference (5) for the detailed description on SOC process.] 

2.0 SOLAR CELL PERFORMANCE AND CHARACTERIZATION 
Characteristics Under Illumination 

First batch of standard cells was a trial run in which most of the cells 
were wasted, except for a few in establishing a reliable process adaptable 
to these substrates. 

The second batch was successfully carried out to provide reliable 
cell performance data. Solar cell parameters from the first two 
batches were measured under AMO conditions at 25°C, with individual 
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cell data appearing in Appendix V. Good performance of the control cells 
from both batches strongly indicates that there is no cross contamination 
of the impurities. Table 6 is the summary table of the SOC cells 
(second batch) performance. An average efficiency of about 6 % was 
obtained in the relatively large area cells (15 cm^ average). If the 
improved active area was achieved by using other metallization techniques, 
such as photoresist method, the average efficiency would have increased. 

SOC solar cells generally showed slightly low curve fill factor, an 
average of 60%, which seems to be due to the combination of both 
shunting and series resistance problems. Work is in progress to 
improve the series resistance problems. 

Dark I-V Characteristics 

The characteristics of all the cells were measured using the dark I-V 
plotter. A typical good cell was selected for point-by-point measure- 
ment and results are plotted in Figure 14. The saturation current (1^^) 
and "A" factor of the SOC cell were about 10"^ A/cm^ and 2, while those 
of the control s were 2xl0~^ A/cm^ and 1.6, respectively. Since a cell of 
larger area generally shows a higher degree of shunting this might 
not be the proper way to make a direct comparison of both SOC 
and the control cells. Series resistance problem of the SOC cell was also 
noticed from the characteristics at high bias conditions (forward Vg 
>0.6 volt).. 


34 . 



Spectral Response 

Absolute spectral response (A/W) of SOC solar cells were measured using 
a filter wheel set-up. Typical response curves are given in Figure 15. 
Effect of low lifetime of the minority carriers is also indicated at long 
wavelength response. 

Minority Carrier Diffusion Length 

Minority carrier diffusion lengths were measured using the SPV method for 
the bulk and the short circuit current method for the finished solar cells. 
The exposed beam size (monochromatic) on the bulk sample was about 
2-3 mm in diameter yielding diffusion length calculated to be in 
the range between 20-40 ym. Short circuit current method also indicated 
similar results. 

Defect Study 

The SOC substrates were sectioned and potted to see the cystallographic 
details at the cross-section of the substrates. After the final 
polishing using 0.2 ym alumina powder .the polished surface was etched 
in Sirtl etch or a planar etch for about a minute. (Note: Original 
polished surface was not free from scratches.) Planar etched surface 
seems to reveal better structural details than those with the Sirtl 
etch. Thus, the discussion is based on the results from the planar etch. 
Figure 16 is the microscopic pictures of the cross-section, silicon 
bridging ceramic slots in (a) and showing parallel twins in (b). 
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The main purpose of the sectioning of the substrate was to see if 
there exist any grain boundaries parallel to the surface of the 
substrate, v/hich might introduce the high series resistance problem. 
However, no such grain boundaries have been found so far. A number of 
parallel twin boundaries were observed, in Figure 16 (b), extending 
from the bottom to the top surface. A surface inclusion was also 
detected in Figure 17, whose identity is not clear at present. 
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TABLE 6 


SUMMARY OF PARAMETERS OF SOLAR CELLS 
FABRICATED FROM SOC; STANDARD PROCESS 




SOC 

CONTROL 

Vqc m . 

Average 

547 

589 

Standard 

Deviation 

3.7 

4 

Range 

541-553 

581-592 

(mA/cm^) 

Average 

24.1 

33.8 

Standard 
Devi ati on 

1,4 

0.8 

. Range 

22-26,3 

32.4-34.8 

CFF {%) 

Average 

60 

72 

Standard 

Deviation 

6 

3 

Range 

52-69 

67-77 

n {%) 

Average 

5.9 

10.6 

Standard 

Deviation 


0.5 

Range 

5. 1-6.8 



1. 

Measured Under- AMO Condition. 


2. 

SOC Solar Cells: 



Average Cell Size: 

15.1 cm' 


Number of Cells Evaluated: 

7 


Active Area: 

80-85% 


AR Coating:- 

SiO 
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SPECTRAL RESPONSE (A/W) 



FIGURE 16 








CERAMIC 

SUBSTRATE 


CERAMIC 

SUBSTRATE 
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CERAMIC 
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MICROSCOPIC PICTURES OF CROSS-SECTIONS OF SILICON ON CERAMIC 
FOLLOWING MECHANICAL POLISHING AND CHEMICrETCHING 
(200X Magnification) 

(a) A cross-section bridging ceramic 

(b) A cross-section showing parallel twins 









A SURFACE DEFECT FOUND IN A SOC SUBSTRATE 
(200X Magnification) 



III. CONCLUSIONS AND RECOMMENDATIONS 

The conclusions reached after processing and evaluation of the sheets 
are as follows. 

Cast Silicon by HEM 

• Fabrication process for conventional single crystalline solar 
cell can easily be adapted to this type of sheets without introducing 
any significant process problem, especially low yield, etc. 

• The average conversion efficiency of solar cells {2x2 cm) from 
the standard process, measured at 25°C under AMO conditions, was about 
9 . 5 % with the range between 8.6 and 10.1%. 

• Defects, microcracks and inclusions, were found in the sheet from 

the specific ingot, of which the microcracks might have been formed in block 
shaping step of the highly stressed silicon ingots. These defects are 
expected to degrade solar cell performance. 

EFG (RH) Ribbon 

• Degree of warpage of these sheets seems to have been improved 
compared with the EFG (RF) ribbons processed earlier, except the wide 
and thin ribbons (3“ in width and mils in thickness). No major 
process and measurement problems are anticipated in applying conventional 
process techniques for the flat EFG ribbons. 
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• An average AMO efficiency of solar cells from the standard 
process, measured at 25°C, was about 6.6% for the controlled SiC ribbons 
and 5.4% for the uncontrolled SiC ribbons. The lower performance of the 
solar cells from the ribbons of uncontrolled SiC was due to the shunting 
problems from SiC. Maximum efficiency of the standard EFG solar cell 
was about 7.5%. 

• Solar cells from EFG (RF) ribbons (reported earlier) showed better 
performance than those from the EFG (RH) ribbons and difference in minority 
carrier lifetime seems to be the main contributing factor. 

Silicon on Ceramic 

• Bowing of the substrates caused difficulties in processing, especially 
in metallization steps. It does not appear to be a simple way to make 

a proper back contact through the ceramic slots. 

e An average efficiency of the SOC solar cells (average area 15 cm^) 
was about 6% at 25°C under AMO, conditions. There is room for improvement 
in cell performance, by improving active area and series resistance 
problems. The best SOC solar cells showed about 7.3% conversion efficiency. 

o Good* performance of the control solar cell indicated that there 
was no cross contamination between the SOC substrate and the control 
blanks. 
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IV. 


HORK PLAN STATUS 


The following unconventional silicon sheets are expected for processing 
and evaluation during the next period. 

« Further evaluation of the silicon on ceramic solar cells with 
emphasis on improving series resistance problems. 

• Czochralski silicon by continuous or semi -continuous growth method 
from Hamco. 
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APPENDIX I 


TIME SCHEDULE 




TIME SCHEDULE 


TASK 

M 

UNTH 1 

1 JIIN 

■JUL. 

■ AUG 

SEP 

_DCT 

WDV 

DEC 

JAN 

FEB 

MAR 

K!3SI 

wsm 

mmm 

1 . PROCESS SHEET SAMPLES 

(a) 1/2 Samples Cells 

(b) Analysis 

(c) Back Up Measurements 

(d) Test Alternate Process 

2. REPORTS 

(a) Monthly 

(b) Quarterly 

(c) Semi-Annual 

(d) Final 

3. INTEGRATION MEETING 

■ 

1 

■ 

■ 

n 

m 

n 

1 

■ 

■ 




■ 

■ 

■ 

■ 

HI 

IH 

IH 

IH 

■ 
















■ 













1 

1 









A 

A 

A 


NOTE: The final reporting period has been incorrectly stated previously, please note revisions. 








APPENDIX II 
ABBREVIATIONS 




ABBREVIATIONS 


V 

I 


OC 

SC 


J 


SC 


^SCR 


^SCB 

CFF 


n 

Le 


Open Circuit Voltage 

Short Circuit Current 

Short Circuit Current Density 

Short Circuit Current (Red Response) at Wavelength Above ■^-.6 pm 

Short Circuit Current (Blue Response) at Wavelength Below 'V',6 pm 

Curve Fill Factor 

Solar Cell Conversion Efficiency 

Minority Carrier Diffusion Length (D.L.) 


I 

V 

P 


MAX' 

MAX' 

MAX' 

BSF: 

Vb= 

HEM: 

EFG: 

SOC: 

SPV: 


Current at Maximum Power Point 

Voltage at Maximum Power Point 

Maximum Power Point 

Back Surface Field 

Bias Voltage 

Heat Exchanger Method 

Edge Defined Film-Fed Growth 

Silicon on Ceramic 

Diode Saturation Current 

Surface Photovoltage 



APPENDIX III 


ELECTRICAL DATA SHEETS FOR 
SOLAR CELLS FROM HEM CAST SILICON 




SOLAR CELL ELECTRICAL DATA 






























































SOLAR CELL ELECTRICAL DATA 



































































SOLAR CELL ELECTRICAL DATA 









































































































































































































SOLAR CELL ELECTRICAL DATA 


a< 39 ^. 




CELL DESCRIPTION: Sojf»/ (el\s-(?i. 2-yacv. s:l:r<>n 


TEST CONDITION: 
TEMPERATURE: 


5a.Q A-lK CQ^iCjag- 




-4i4-a 


•-^w( loaA-tJ^ ( &5T? )’*Koces.c ^ 


aSL 


DATE: 




































































































































































APPENDIX IV 

ELECTRICAL DATA SHEETS FOR 
EFG (RH) SOLAR CELLS 
















































































































SOLAR CELL ELECTRICAL DATA 
































SOLAR CELL ELECTRICAL DATA 



















































APPENDIX V 

ELECTRICAL DATA SHEETS FOR 
SOC SOLAR CELLS 







































^oc 

^SC 

^SCB 

^SCR 

mV 

mA 

mA 

mA 






















































